Arsenic, chromium, copper, iron, manganese, lead, selenium and zinc in the tissues of the largemouth yellowfish, Labeobarbus kimberleyensis (Gilchrist and Thompson, 1913) 
INTRODUCTION
Globally, trace element levels in ecosystems have increased as a result of anthropogenic activities. Aquatic ecosystems are especially at risk as high volumes of industrial and urban effluent are discharged into such environments. This not only results in diminished water quality but also greater risk of exposure through consumption of contaminated fish (Castro-González and Méndez-Armenta, 2008) . Fish is an important source of protein for humans (Castro-González and Méndez-Armenta, 2008; Chojnacka, 2010) and, as such, ingestion is one route through which humans become exposed to trace elements. The monitoring of element levels within the tissues of fish used for subsistence is therefore of paramount importance to evaluate the risk associated with consumption (Yilmaz, 2003) . The manifestation of health effects due to trace element exposure are dependent on the exposure dose and accumulated element concentrations within organisms (Hutton, 1987) .
Trace elements can be divided into essential and non-essential elements (De Boek et al., 2010) . Essential trace elements are naturally present in all biological systems at low levels and elicit no negative effects on exposure, but at high concentrations these elements do become toxic (De Boek et al., 2010) . Non-essential elements are not naturally present in ecosystems and even at low levels are toxic to many organisms (Kalay and Canli, 2000) .
Increases in element levels are especially grave for communities within South Africa due to dwindling water supplies (Blignaut and Van Heerden, 2009 ). As trace elements, in particular metals and metalloids, are naturally present in aquatic ecosystems, fish and other aquatic organisms are continually exposed to a persistent milieu of elements (Avenant-Oldewage and Marx, 2000; Cui et al., 2001 ) and this subsequently leads to the accumulation of these substances. Under natural conditions, trace elements are present in low concentrations within the water and are mostly present in sediments (Gouws and Coetzee, 1997; Wepener and Vermeulen, 2005) . Adsorption of trace elements in sediment reduces their bioavailability in the environment and thus high sediment trace element levels are not necessarily associated with adverse reactions due to exposure. However, increases in the concentrations within the environment can result in reactions manifesting within all levels of the food chain (Tessier and Campbell, 1987) .
Fish exposed to trace elements are able to accumulate these at orders of magnitude greater than the levels in the environment (Nyogi and Wood, 2003; Tan and Wang, 2011) , and for this reason the use of fish as sentinels for monitoring element levels has been suggested (Zhou et al., 2008) . This invariably results in better accuracy when determining trace element levels in the environment compared to only monitoring concentrations within water (Yamazaki et al., 1996; Zhou et al., 2008) . The degree of bioaccumulation in fish is, however, influenced by a number of biotic and abiotic factors, which can alter the accumulation and availability of elements. Physicochemical factors such as pH, temperature and dissolved oxygen have been shown to influence the availability of elements (Van Vuren et al., 1994; Qadir and Malik, 2011) . Age, body mass, gender and physiological condition of fish (Alhashemi et al., 2011 ) are a few biological factors which can influence the concentrations of trace elements. Trends in accumulation of elements within fish tissues have been identified in many investigations (Mason et al., 2000; Fu et al., 2010) . The liver, kidney and gills are the principle organs involved in accumulation and sequestration of trace elements within fish (e.g. Seymore et al., 1995; Wagener and Boman, 2003; Cao et al., 2012; Squadrone et al., 2013) . This has been correlated with the metabolic activity (Squadrone et al., 2013) as well as the presence of specific proteins within each organ (Olafson et al., 1979; Hogstrand and Haux, 1990; Van der Oost et al., 2003; Pan and Zhang, 2006) . Muscle and bony tissue on the other hand are relatively inert in terms of trace element accumulation. Matiniaková et al. (2012) demonstrated that analysis of element levels in bone can give an accurate historical record of exposure. This is due to the slow turnover and remodelling rate of bone.
As the (Afrikaans) name suggests, waters of the Vaal River are naturally turbid due to high levels of suspended sediment particles and it is these particles that have a major effect on the water quality of this important river system (Grobler et al., 1987) . The Vaal River system (Fig. 1) is often referred to as the 'work horse' of South Africa (Braune and Rogers, 1987) . This system flows through the industrial heartland of the country and as such receives high volumes of effluent containing trace elements. Additionally, the Vaal Dam supplies water to approximately 11.3 million people (Stats SA, 2011) living within the PretoriaWitwatersrand-Vereeniging (PWV) area. For this reason, continual monitoring of trace element levels within the system is paramount. However, the risk associated with exposure to trace elements does not only apply to drinking water, but also to consuming fish caught in this system. Recent studies have indicated that there has been an increase in fishing pressure on yellowfish species within the system, as well as selling of the fish on roadsides by local fishermen (Brand et al., 2009; personal observation 2011) . Labeobarbus kimberleyensis (Gilchrist and Thompson, 1913 ) is one of the largest cyprinid fish in South Africa (Ellender et al., 2012) . For this reason, L. kimberleyensis (largemouth yellowfish) is a renowned angling species and therefore prized by many sports fishermen (Skelton, 2001) . In terms of environmental indication, this fish species is extremely sensitive to alterations in the environment and responds to changes in environmental condition. Previous studies on trace element accumulation in L. kimberleyensis (Retief et al., 2009) and Clarias gariepinus Burchell, 1822 (Crafford and AvenantOldewage, 2010 from the Vaal Dam have provided data on metal accumulation in fish since 1998 (13-year period). The aims of this study were to determine the concentrations of trace elements in the liver, kidney, gills, muscle and spinal cord of L. kimberleyensis from the Vaal Dam and in so doing determine risk factors associated with consumption of muscle tissue of this species. Furthermore comparison to previous studies performed in the Vaal Dam will be done to assess fluctuations of elements within the water, sediment and fish from the dam. 
MATERIALS AND METHODS

Sampling
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were caught with the use of gill nets (mesh size: 70-120 mm). Fish were removed from the net, placed into an on-board live well and transported to holding tanks on UJ Island. Fish were weighed and measured before being euthanized by severing the spinal cord, posterior to the head. Organ samples (muscle, spinal cord, liver, kidney and gills) were removed on dissection with stainless steel instruments and placed into separate plastic, zip-lock bags. The tissue samples were then placed into a freezer (−12°C) and frozen prior to tissue digestion.
Sediment samples were collected with the use of a grab sampler and stored in polyethylene bottles. The sediment samples were similarly frozen before digestion. Element concentrations in water were acquired from Rand Water Analytical Facility, Vereeniging, South Africa. This establishment performs routine monitoring of the water quality and metal concentrations within the Vaal River system.
Tissue digestion and analysis
Frozen fish tissue samples were thawed and approximately 1 g of wet tissue (spinal cord, muscle, liver, kidney and gills) was weighed off in acid-washed, glass Petri dishes, using a Sartorius CP225D scale (readability: 0.01/0.1 mg). The tissue samples were then dried to weight consistency in an oven at 100°C. Dry samples were then placed in a desiccator cabinet until digestion.
Dried samples were placed into Teflon microwave digestion flasks and treated with 7 mℓ 65% Suprapur  nitric acid (Merck, South Africa). Fish tissue digestion was performed using an Ethos Touch Control advance microwave station. Post-digestion the samples were removed from the oven, decanted into 50 mℓ volumetric flasks and 100 μℓ of indium (1 000 mg/kg) added as the internal standard. The samples were then diluted to 50 mℓ with Milli-Q water and stored in 50 mℓ Cellstar® Tubes (Greiner bio-one) at 4°C until analysis. Inductively coupled plasma-mass spectrometry (Thermo Electron Corporation X Series) analysis of the fish tissue was done at the Rand Water Analytical Facility in Vereeniging.
Approximately 0.5 g of sediment was defrosted, weighed and dried at 50°C for 48 h. Sediment samples were leached in Teflon microwave digestion flasks as described for fish samples. Samples were treated with 9 mℓ 30% Suprapur  hydrochloric acid (Merck, South Africa) and 3 mℓ 65% Suprapur  nitric acid (Merck, South Africa). After digestion, sediment samples were filtered through Millipore filter paper (pore size: 0.1 µm) into acid-washed volumetric flasks and diluted with Milli-Q water (18.2 Ω) to a volume of 50 mℓ. The diluted samples were decanted and stored in 50 mℓ Cellstar® Tubes (Greiner bio-one). Analysis of sediment samples was done with an inductively coupled plasma mass spectrometer (Thermo Electron Corporation X Series).
For quality control of the analysis of the fish tissue and sediment samples by ICP-MS, certified reference material (CRM) was used. The CRM used for fish tissue was dogfish liver DOLT-4 (NRC, Canada), while Lake Sediment 2 (LKSD 2) CRM (NRC, Canada) was used as the sediment CRM. Triplicate samples of CRM were prepared and treated with the same method as that used for the fish tissue and sediment samples.
Statistical analyses
Bioconcentration factors (BCF)
Bioconcentration factors (BCF) were calculated according to the method of Abel (1989) , to determine the ratio in element concentrations between fish and environment (water and sediment), as well as to determine the partitioning of elements between different samples. The BCF was calculated as follows: (water) (1)
where: the C (fish organ) , C (sediment) (μg/g dry weight) and C (water) (μg/ℓ) are the fractions of each element in the fish tissues and environment (water and sediment). The BCF was calculated using the median concentration values of each of the elements present in the fish organs, water and sediment.
Element variation between organs
Statistical analysis of the data obtained by ICP-MS analysis was undertaken with the use of SPSS V. 20 (Statistical Package for the Social Sciences, SPSS Inc.) for Windows. To determine if the element concentrations in the different organs studied were significantly different, the data were analysed using ANOVA. Following this, to determine which specific organ element concentrations were significantly different, a Tukey-HSD analysis was performed. Significance in differences was identified if P < 0.05.
Target hazard quotient
Target hazard quotients (THQ) were determined to assess the risk people face in consuming flesh of L. kimberleyensis, with regard to the element levels identified in the muscle tissue. The THQ determination serves to identify the ratio between the reference dose and exposure concentration of each element analysed (USEPA, 2013b). THQ was calculated for adults based on the parameters displayed in Table 1 (USEPA, 2013a):
where: THQ is the target hazard quotient BW a is the average body weight of individuals in the adult age class AT is the average time over which the assessment was undertaken EF r is the exposure frequency (i.e. the number of days within a year fish is consumed by the study groups) ED r is the duration of the exposure (expressed in years) IRF a is the consumption rate of fish expressed as kilograms per day (kg/day).
A body weight of 70 kg is used as a default value for the adult age group (including pregnant females) as suggested by Heath et al. (2004) and US EPA (2013a). A consumption rate of 54 g of fish per day was selected as a default value according to US EPA (2013a). Consumption rates were recalculated to determine how much fish muscle needs to be consumed for adverse health effects to become present. For this THQ values for all elements were assumed to be 1 (THQ = 1), as at this value and higher health risks associated with consumption of fish are assumed to manifest. Values for BW a , AT, EF r , ED r and RfD o were maintained as indicated in Table 2 illustrates the concentrations of trace elements present within the water and sediment. Iron was present in the highest concentrations for both water and sediment; followed by Cr and Mn in sediment, and Mn and Cu in water. For water, all elements were below the concentrations of those in sediment and As, Cr and Se were below the detection limits of the instrument. The order of trace elements in the sediment and water (in descending order) is: Fe > Cr > Mn > Zn > Cu > Ni > Pb > As > Se (sediment); Fe > Mn > Cu > Zn > Ni > Pb (water).
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RESULTS
Water and sediment metal concentrations
Trace element bioaccumulation in L. kimberleyensis tissues
Fish were all of similar size as a gill net was used. Fish sampled were of mean weight 1.001 ± 0.72 kg and fork length 46.3 ± 7.91 cm. It is assumed that fish of this size are most often caught and consumed by local people, and are of a similar cohort.
The trace element concentrations in muscle, spinal cord, liver, kidney and gills for the largemouth yellowfish from the Vaal Dam are presented (Table 3 ). Large variation in the concentrations of elements with regard to each organ was present. Normalisation of trace element concentrations in each organ was done by calculating the natural logarithm of the element concentrations in the organs. As a result of the large variances in the element concentrations, the median values have been used to discuss the bioaccumulation of trace elements in L. kimberleyensis.
The liver, gills and kidney accumulated most elements at higher concentrations compared to muscle and spinal cord. Cu, Fe, Se and Zn were accumulated at higher concentrations in the liver compared to the other organs. As, Cr and Ni levels were highest in the kidney, while Mn and Pb levels were highest in the gill tissue. Muscle and spinal cord demonstrated lowest accumulation in most cases. An exception to this trend is that of Pb in the muscle tissue and As in the spinal cord. It should be noted that when referring to the gills and spinal cord tissue in the present study, this includes both bony (gills -arch; spinal cord -vertebrae) and soft (gillsfilaments; spinal cord -neural cord) tissues comprising these organs. Furthermore, regarding the accumulation of metals within the same organ, it was seen that the concentrations differ (Table 3) . Results of an ANOVA test showed that the concentrations of Cr, Fe, Pb and Zn did not significantly differ (P > 0.05) between any of the organs while the other elements analysed for did significantly differ (P < 0.05) between the organs studied.
To determine which organ groups differed significantly according to the element concentration in each (according to results of ANOVA) a Tukey-HSD post-hoc test was performed (Table 4) . Results of the post-hoc test revealed that in all comparisons between the organ groupings concentrations of Cr, Fe, Pb and Zn did not significantly differ. These results support the differences observed in the accumulation of metals outlined from Table 3 
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Bioconcentration factors
Calculation of BCF values (Table 5) for trace elements in water and sediment compared with organs of L. kimberyleyensis indicate that Zn, Ni and Pb levels are present in higher concentrations in fish tissue compared to the water (BCF > 1), but in lower concentrations compared to the sediment (BCF < 1); while Mn, Cu and Fe were higher in water compared to fish tissue. Bioconcentration factors (BCF) could not be determined (N.D) for As, Cr, and Se in water as these elements were below the detection limits of the instrumentation.
Health risk calculations
Target hazard quotients (THQ) were calculated for the various elements in the muscle tissue of L. kimberleyensis from the median element concentrations and are presented in Table 6 . THQ values are presented based on the average weight of adults being 70 kg (including pregnant females). Most elements do not demonstrate risk associated with consumption (THQ < 1) of 54 g of L. kimberleyensis flesh, except for Cr and Se. Furthermore, values were calculated for the amount of fish which would have to be consumed (IRF b ) for each element for health risks to become evident (THQ > 1). These calculated values indicate that a small amount of fish would be needed to produce adverse health effects for As, Cr, Pb, Se, and Zn, while larger amounts of fish will need to be consumed for health risk to be associated with Cu, Fe, Mn and Ni.
DISCUSSION
Water and sediment
Water sample analysis indicated that most elements were present in lower concentrations compared to sediment levels and fish tissue concentrations. Levels of Mn and Fe in water, however, were greater than the fish tissue element levels and Cu in water was greater than the concentrations in muscle, spinal cord and gills. This result is similar to previous studies by Crafford and Avenant-Oldewage (2010; 2011) for As, Cr and Se, which were below detection, but Fe, Mn and Cu levels were higher. (Avenant-Oldewage and Marx, 2000) . Detectable concentrations of Fe, Mn, Cu, Zn, Ni and Pb can be related to high content of suspended clay particles in the water column (Gouws and Coetzee, 1997). All analyte levels recorded in the present study are below target water quality ranges (TWQR) set out by the Department of Water Affairs (former DWAF) for water bodies in South Africa (DWAF, 1996) .
Clay minerals are known to have high sorption affinities for a variety of trace elements, especially Cr, Cu, Fe, Ni and Zn (McLean and Bledsoe, 1992) , and thus high levels of these analytes can be related to the composition of the sediments in the catchment. A study by Gouws and Coetzee (1997) (2011), it is evident that the level of Fe in sediment has remained higher compared to other elements. Trends in element distribution within sediments have remained fairly constant, but individual element concentrations have increased since 1998. This may be related to the use of the dam for recreational purposes as well as natural processes occurring within the system. Petroleum fuels used by motor boats and cars contain most of the trace elements analysed for in the specific study (Khuhawar et al., 2012) . Furthermore, natural weathering of rocks in the upper reaches of the catchment can similarly lead to elevated metal concentrations (Chutter, 1963; Retief et al., 2009) . As the study site is located near the dam wall, large volumes of sediment may become deposited as water flow decreases, leading to an increase in element levels.
Fish element levels
Accumulation of trace elements in the organs of L. kimberleyensis is variable, between organs and between elements within the same organ. The present work demonstrates that the liver, kidney and gills of L. kimberleyensis display the highest accumulation potential for all trace elements analysed, while the muscle and spinal cord have poor accumulation capacity. Arsenic, Cr and Ni levels in kidney were present at the highest levels of all organs studied. Fargar et al. (1995) showed that As was accumulated to higher levels in the kidney (2.26 µg/g) than in the other organs sampled in field investigations. Palaniappan and Karthikeyan (2009) similarly demonstrated that kidney tissue accumulated Cr (97.326 µg/g and 162.637 µg/g) and Ni (116.824 µg/g) at even higher concentrations than the liver (Cr: 36.240 µg/g; Ni: 96.314 µg/g). A laboratory study by Cockell et al. (1991) also demonstrated that As levels in the kidneys of exposed fish were higher (5.71 µg/g) than in the liver (3.25 µg/g). Other studies, however, have shown that As and Cr predominantly accumulated in the muscle and gills of fish (e.g. Takatsu et al. 1999; Squadrone et al., 2013) . This is dissimilar to what was observed in the present study. According to , the kidney serves as an important site for As accumulation. Both kidney and liver are involved in the detoxification of the body. The liver is the principle detoxification organ, while the kidney may be secondary in function. Elements accumulating in the kidney of fish initially become bound to proteins in the liver which are then transported to the kidney and become sequestered. This has been demonstrated by Squadrone et al. (2013) for Cd and may possibly also hold true for other elements.
Some elements (Pb and Mn) accumulated in higher concentrations in the gills. Squadrone et al. (2013) indicated that higher Pb concentrations in the gills were related to the lower pH at the gill surface as a result of high carbon dioxide levels. The lower pH is thought to increase the solubility of Pb and allow it to easily diffuse across the gill surface (Squadrone et al., 2013) . Furthermore, the analysis of the gill tissue in the present study incorporated the gills as a whole, i.e., the bony arch and filaments. Crafford and Avenant-Oldewage (2010) found that both Ni and Pb were accumulated in significantly higher concentrations in the gill arches compared to the filaments. Elevated Mn concentrations in the gills was similarly shown for the Lowveld largescale yellowfish by Seymore et al. (1995) and was also attributed to accumulation in the bony arch of the gills. This process may take place as a result of trace elements competing with Ca for binding to the bony structures and becoming incorporated into bone in place of Ca (Hunn, 1985; Martiniaková et al., 2012) . Accumulation trends for Mn and Pb in gill and spinal cord of L. kimberleyensis are similar, even (Squadrone et al., 2013) . The elemental composition of muscle tissue of L. kimberleyensis demonstrated that Zn and Fe were accumulated to a greater extent than the other elements analysed. Other studies within the Vaal River system similarly showed that these analytes were found at higher levels than other elements for this organ. The concentrations of Fe in the muscle of L. kimberleyensis in the present study were higher than those recorded by Retief et al. (2009) (Retief et al., 2009; Crafford and Avenant-Oldewage, 2011; Wepener et al., 2011; Pheiffer et al., 2014) . Most bioaccumulation studies have focused on element levels in the muscle tissue, due to the implications of these regarding human health.
Bioconcentration
Results of the bioconcentration of elements confirmed that concentrations in L. kimberleyensis were greater than those in the water, but lower than those in the sediment. According to McGeer et al. (2003) calculation of BCF values serves not only as an indication of how many times greater a pollutant is in the biota compared to the environment, but also as a means of determining the partitioning between fish and the environment. Most BCF values could not be calculated for water compared to fish organs as most elements were below detection limits in the water. The higher concentrations of analytes in sediment, which contribute to the lower BCF values, can be attributed to the fact that sediments function as natural 'sinks' within aquatic ecosystems (Wepener and Vermeulen, 2005) and reduce the bioavailable fraction of the element in the environment. Trace elements will thus either not be accumulated or a smaller fraction will be accumulated by biota. The differences in BCF between the water and sediment can additionally result from the dietary habits of L. kimberleyensis. Largemouth yellowfish is a pelagic fish, feeding on a variety of macroinvertebrates and smaller fish species, spending little time within the benthos (Skelton, 2001) . Trace element accumulation is therefore predominantly via ingestion of food and diffusion across gill surfaces. With regard to the edibility of certain fish species, Belger and Forsberg (2006) suggest that humans feeding on fish should avoid predatory species and where possible preferentially eat omnivorous ones.
Edibility
Increased concentrations of trace elements in muscle of L. kimberleyensis have implications with regard to consumption by humans. According to Brand et al. (2009) there has been an increase in fishing pressure on yellowfish in the Vaal River system as a food source. This is further supported by personal observations made en route to the study site, where local people were selling fish caught in the Vaal Dam. For this reason, risk factors associated with consumption of L. kimberleyensis were calculated from the data and health risks were assessed according to THQ values. It should be mentioned that these values represent a hypothetical risk and not an actual one. This is because no data were collected from surveys to determine the average weight of adults within the immediate area of the Vaal system, along with consumption rates or amount of fish consumed on a daily basis. The parameters used are therefore based on generalised body weights (70 kg) (Heath et al., 2004) and amounts of fish (0.054 kg flesh) consumed over a 30-year period (Table 1) The amount of fish consumed daily to produce a THQ value of 1 was calculated for each element. The value was chosen as it is the absolute minimum value indicating potential risk from consumption of fish. It was determined that for Se, As, Cr, Zn and Pb (range: 0.018-0.095 kg/day) less fish consumed on a daily basis is required to produce adverse health effects compared to Fe, Cu, Ni and Mn (range: 0.19-0.98 kg/day) which require larger amounts of muscle tissue to be eaten. Therefore if consumption rates of fish increased to approximately 0.985 kg/ day adverse health effects related to all elements would become evident, provided element concentrations in L. kimberleyensis muscle remains constant. Furthermore, if consumption rates had to increase only slightly along with element levels, individuals feeding on L. kimberleyensis would experience adverse effects within a shorter period of time.
Compared to the maximum permissible limits for elements in food prescribed by the European Commission (2006) and joint codex on food safety by FAO/WHO (2011), the concentrations of most elements recorded in the present study are below these limits, except for Se (limit: 0.3 mg/kg). Permissible limits for Cr in fish flesh have not been set out. This further supports the low risk associated with consumption for most elements, except for Cr and Se. Element levels in Retief et al. (2009) were similarly below these prescribed thresholds. At such levels it is considered that there will not be health risks associated with the consumption of largemouth yellowfish (EU 2006) , from the Vaal Dam in the present study. 746 constant due to the mineralogy of the catchment. Liver accumulated the highest concentrations for most elements. These findings correspond with most investigations indicating that liver tissue of fish should be incorporated into bioaccumulation assessments as it is a good bioindicator for most trace elements. Furthermore, over a 5-year period it is evident that element levels in L. kimberleyensis tissue have also increased. Health risks associated with consumption of yellowfish muscle tissue are low, except for Cr and Se. This, however, should be checked using accurate parameters for local populations eating fish caught in the Vaal River system. Although L. kimberleyensis demonstrates potential for accumulating trace elements, the values recorded are below those for C. gariepinus from the Vaal Dam. For this reason it is recommended that the concentrations within the tissues of this species be checked to determine if this trend is maintained. Furthermore, it is recommended that any further study conducted on trace element accumulation of any fish species within the Vaal River system should be accompanied by accurate determination of the risk factors for people dependent on fish as a regular food source.
